A clear insight into large-scale community structure of planktonic copepods is critical to 23 understanding mechanisms controlling diversity and biogeography of marine taxa, owing to their 24 high abundance, ubiquity, and sensitivity to environmental changes. Here, we applied a 28S 25 metabarcoding approach to large-scale communities of epipelagic and mesopelagic copepods at 70 26 stations across the Pacific Ocean and three stations in the Arctic Ocean. Major patterns of 27 community structure and diversity, influenced by water mass structures, agreed with results from 28 previous morphology-based studies. However, large-scale metabarcoding approach could detected 29 community changes even under stable environmental conditions, including changes in the 30 north/south subtropical gyres and east/west areas within each subtropical gyre. There were strong 31 effects of epipelagic environment on mesopelagic communities, and community subdivisions were 32 observed in the environmentally-stable mesopelagic layer. In each sampling station, higher 33 operational taxonomic unit (OTU) numbers and lower phylogenetic diversity were observed in the 34 mesopelagic layer than in the epipelagic layer, indicating a recent rapid increase of species numbers 35 in the mesopelagic layer. The phylogenetic analysis utilizing representative sequences of OTUs 36
Introduction
layer formed a distinct group, separated from other warm-water groups, including Tropical, North Although variations of community compositions in the upper and lower mesopelagic layers 182 were relatively small compared with those of the epipelagic layer, we also observed different groups 183 clustered by geographical regions in the upper and lower mesopelagic layers (P < 0.005; Fig 3b-c) . 184 The differences between the North and South Pacific subtropical regions were clearer in the upper 185 mesopelagic layer than in the lower mesopelagic layer. The composition in the Kuroshio region 186 showed high similarity to those in transition and California Current regions in the mesopelagic layer, 187 regardless of the similar structures between Kuroshio and tropical regions in the epipelagic layer.
188
The epipelagic environment had a strong effect on the compositions in the mesopelagic layer (Table   189 1). The compositions in the upper mesopelagic layer were explained by average salinity, water 190 temperature, and dissolved oxygen content of the epipelagic layer as well as longitude in the best 191 model. In the lower mesopelagic layer, latitude was the variable explaining most of the variation in 192 composition, followed by average water temperature, dissolved oxygen content in the epipelagic 193 layer, as well as the dissolved oxygen content in the lower mesopelagic layer.
194
The groups based on community compositions for the epipelagic and mesopelagic layers 195 together (0-1,000 m) showed clear geographic changes (Fig 4a-c ; P < 0.005). In the Kuroshio region, 196 the inshore region of the Kuroshio Current was discriminated from the oceanic region. Community 197 compositions corresponding with geographical changes were observed within the subtropical regions, 198 including differences between the North and South Pacific. In addition to latitudinal changes, the 199 western and eastern sides of subtropical gyres were clustered into different groups within North and South Pacific subtropical gyres. These clustered groups corresponded with distributions of water 201 mass structures in the Pacific, as represented by the profiles of T-S diagrams at 0-1,000 m (Fig 4d) .
202
The latitudinal and longitudinal changes through water column were also observed in the best model 203 to explain changes of copepod composition. The variable explaining most of the variation in 204 community compositions at 0-1,000 m was average water temperature in the epipelagic layer, 205 followed by longitude. Among cluster groups through the water column, there is a clear difference 206 between warm and cold waters in the taxonomic compositions in each layer (Fig 4a) . There are no 207 clear differences with respect to family-level taxonomic compositions within warm waters, and 208 proportions of unclassified copepods were high in the mesopelagic layer.
210
Copepod community based on sequence reads 211 The distribution peaks of major OTUs largely affected large-scale copepod community based on 212 quantitative data using relative proportions of sequence reads. In addition to compositions based on 213 presence/absence of OTUs, overall cluster analysis based on sequence reads also showed 214 significantly different groups, which corresponded with sampling depth and geographical regions (P 215 < 0.005; Fig 5) . The key variables that explained copepod communities based on sequence reads 216 were similar to those explaining the presence/absence of OTUs; in particular, environmental 217 conditions in the epipelagic layer affected copepod communities based on sequence reads both in the 218 epipelagic and mesopelagic layers (S4 Table) . A total of 36 OTUs were selected as major OTUs to 219 contribute to differences among cluster groups ( Fig 5) . These major OTUs showed a distinct 220 difference between cold and warm waters, and a small number of specific OTUs dominated the arctic 221 and subarctic regions in the cold-water group as well as in the transition-California region. water low latitudes than at cold-water high latitudes ( Fig 6) . There was an asymmetric pattern of Table) . There was no clear difference in OTU number between the South 240 subtropical and tropical regions. The Kuroshio region temporarily showed large OTU numbers in the 241 epipelagic layer; however, low diversity was observed in the lower mesopelagic layer in the 242 Kuroshio region compared with tropical and subtropical regions. These spatial patterns of diversity 243 were also observed in the rarefaction curves for each layer (Fig 2) . The variable explaining most of 244 the variation in the spatial patterns of OTU numbers in all layers was sea surface temperature (SST)
245
( Table 2) . For the epipelagic layer, after SST, salinity, mixed layer depth (MLD), chlorophyll-a (chl-246 a), dissolved oxygen content, and latitude were selected in the best model. For the mesopelagic layer, 247 after SST, longitude was the variable that explained most of the variation. In addition to SST, 248 environmental factors of the epipelagic layers were also included in the best models for the mesopelagic layer and throughout the sampling layers, including MLD, dissolved oxygen content, 250 and chl-a. There was a regional pattern of high diversity at low latitudes for the Simpson diversity 261 index ( Fig 7b) and phylogenetic diversity (Fig 7c) . Unlike the OTU numbers, the Simpson index 262 values showed an unclear north-south asymmetric pattern for each layer in the tropical and 263 subtropical regions. Phylogenetic diversity, which were average sequence variations among OTUs 264 based on genetic distance, was high in the North and South Pacific subtropical regions for each layer.
265
The regional differences of phylogenetic diversity were especially evident in the epipelagic and 266 upper mesopelagic layers, and significantly high phylogenetic diversity (P < 0.05) was observed 267 especially in the North subtropical region compared with other regions (S5 Table) .
268
In addition to horizontal patterns, a vertical gradient of copepod diversity was observed, 269 with significantly higher OTU numbers in the mesopelagic layers than in the epipelagic layer in most 270 geographic regions (Fig 7a; S5 Table) . No clear differences of OTU numbers were found between 271 the upper and lower mesopelagic regions in each geographic region. A vertical gradient of diversity 272 was not evident in the Simpson diversity index (Fig 7b) . However, there was a clear vertical gradient 273 in phylogenetic diversity, with decreasing phylogenetic diversity with increasing depth in each 274 geographic region (Fig 7c) . The phylogenetic diversity was significantly higher (P < 0.05) in the 275 epipelagic layer than in lower mesopelagic layers in all regions except the subarctic (S5 Table) .
276
Different spatial and vertical distribution patterns of OTUs were associated with taxonomic groups 277 of copepods (Fig 8) . High proportions of OTU numbers with distributions in the mesopelagic layer 278 were found in taxonomically diverse groups such as the superfamilies Augaptiloidea, Bathpontioidea, 279 and Spinocalanoidea, as well as in the families Megacalanidae, Rhincalanidae, Aetideidae, and 280 Scolecitrichidae in calanoid copepods. Non-calanoid copepods including those belonging to the families Lubbockiidae and Oncaeidae in Cyclopoida, and those belonging to the order 282 Mormonilloida also had high proportions of OTUs with the main distribution in mesopelagic layers.
283
These taxonomic groups essentially showed large OTU numbers, and these taxonomic groups were 284 also abundant with high proportions of OTU compositions in the mesopelagic layer (Fig 4a) .
285
Taxonomic families with high proportions of OTUs distributed in the epipelagic layer included 286 Centropagedae, Pontellidae, Temoridae, Paracalanidae, and Clausocalanidae in the order Calanoida, 287 and Corycaeidae in the order Cyclopoida.
288
OTUs with distribution peaks in cold waters at high latitudes including arctic and subarctic 289 regions were detected in different taxonomic groups of copepods, which were further used for 290 phylogenetic analyses to investigate effects of phylogenetic relationships on OTU distribution 291 patterns (Fig 9) . In the phylogenetic tree of taxa containing both cold-water and warm-water OTUs, noted that we mainly used a standardized method for sampling using the same sampling gear, with some exceptions in the Arctic and Kuroshio area (S1 Table) . Although the mesh size of the plankton through adaptation to geographically separated local environments with different water masses in the 357 Pacific and Arctic Oceans.
358
As well as subdivisions of copepod communities within subtropical areas, there were large- where floating materials collect [42, 43] . Therefore, the co-existence of more diversified copepods in The larger OTU numbers in the mesopelagic than in epipelagic layers are consistent with 408 previous studies that documented vertical diversity gradients in zooplankton [48, 49] , and fine-scale 409 segregations of vertical distributions that have been reported in the mesopelagic copepods [50, 51] .
410
The high species richness but low phylogenetic diversity in mesopelagic layers indicated co-411 existence of many genetically similar species in the mesopelagic layer. Therefore, a recent rapid 412 increase of species numbers during the evolutionary history is suggested in specific taxonomic Oceans, which have been formed through evolutionary processes and maintained in current environmental conditions. The results indicate that both the epipelagic and mesopelagic copepod in S1 
Copepod compositions based on presence/absence of OTUs

518
The broad-scale patterns of copepod compositions were investigated based on the presence or 519 absence of OTUs. Cluster and multidimensional scaling (MDS) analyses were performed using 520 Bray-Curtis similarity (Sørensen similarity in the case of presence/absence data). Clustered groups at 521 0-1,000 m depth were compared using Temperature-Salinity diagrams (T-S diagrams), which 522 indicated the effects of water mass distributions on the community compositions of copepods.
523
Permutational analysis of variance (PERMANOVA) was conducted to test the differences among 524 clustered groups, which were determined based on community similarity and geographical regions.
525
PERMANOVAs were conducted using Type III sums of squares and the unrestricted model. The within a group or dissimilarity between groups; thus, this analysis is useful for selecting major OTUs 545 with distribution peak of sequence reads in a specific cluster group. The top five OTUs or OTUs 546 contributing to at least 70 % of community similarity were selected as major OTUs in each cluster 547 group. A BLAST search against the NCBI database was carried out for the representative sequences 548 of major OTUs in order to obtain detailed taxonomic information. Cluster analysis was also 549 performed for major OTUs based on their distribution patterns, and spatial distributions of sequence 550 reads were compared among major OTUs. 551 552 Spatial pattern of copepod diversity 553 The spatial patterns of the OTU numbers in each sample were compared at each layer and throughout 554 the sampling layers. The evenness for each sample was evaluated using the Simpson diversity index.
The phylogenetic diversity was calculated based on the average genetic distance between OTUs 556 based on Kimura's two-parameter nucleotide substitution model, which is a commonly used genetic 557 distance for zooplankton including copepods [23] . Spatial differences in copepod diversity were 558 evaluated using non-parametric Kruskal-Wallis tests and Dunn's tests using SPSS 21.0 (IBM 559 Corporation). The effect of environmental variables on OTU numbers were investigated using 560 generalized linear models (GLMs) in R 3.5.0 [64] . We used the same environmental variables as in 561 the DistLM analyses except for water temperature. SST was used as the temperature parameter in the 562 epipelagic layer, because SST is more closely correlated to OTU numbers than average temperature.
563
Based on the results of the dispersion tests, a negative binomial distribution with the log link OTUs. The sequences were used to investigate effects of evolutionary processes on large-scale 571 biogeographic patterns of copepods. An evolutionary process related to latitudinal diversity gradients 572 was particularly focused in the phylogenetic analysis. The biogeographic pattern of each OTU was 573 determined based on distribution of sequence reads. If the highest proportion of sequence reads was 574 observed in the arctic or subarctic, this OTU was classified as an OTU with a cold-water distribution. 575 We analyzed OTUs with ≥ 15 sequence reads in a single sample. The proportions of distribution 576 patterns were investigated in each taxonomic group. The taxonomic treatment of groups of copepods 577 followed that used in and Khodami et al. [66] . Phylogenetic analyses were 578 conducted in the taxonomic groups containing OTUs with both high-latitude (cold water) and low-579 latitude distributions (warm water). We added outgroups to each taxonomic group, and sequences were aligned again using MUSCLE [67] . After selection of a best-fit nucleotide substitution model, Monogr. 1979; 49: 195-226 . 
